Phenotypic plasticity can influence evolutionary change in a lineage, ranging from facilitation of population persistence in a novel environment to directing the patterns of evolutionary change. As the specific nature of plasticity can impact evolutionary consequences, it is essential to consider how plasticity is manifested if we are to understand the contribution of plasticity to phenotypic evolution. Most morphological traits are developmentally plastic, irreversible, and generally considered to be costly, at least when the resultant phenotype is mis-matched to the environment. At the other extreme, behavioral phenotypes are typically activational (modifiable on very short time scales), and not immediately costly as they are produced by constitutive neural networks. Although patterns of morphological and behavioral plasticity are often compared, patterns of plasticity of life history phenotypes are rarely considered. Here we review patterns of plasticity in these trait categories within and among populations, comprising the adaptive radiation of the threespine stickleback fish Gasterosteus aculeatus. We immediately found it necessary to consider the possibility of iterated development, the concept that behavioral and life history trajectories can be repeatedly reset on activational (usually behavior) or developmental (usually life history) time frames, offering fine tuning of the response to environmental context. Morphology in stickleback is primarily reset only in that developmental trajectories can be altered as environments change over the course of development. As anticipated, the boundaries between the trait categories are not clear and are likely to be linked by shared, underlying physiological and genetic systems.
INTRODUCTION
Integration of the concept of phenotypic plasticity into our understanding of the evolutionary process has been slow in coming, and appreciation of the role of plasticity in evolution has shifted more than once over the last 100 years. Early proponents of the idea that plastic organismal responses to the environment could themselves evolve, and indeed could guide evolutionary change, were eloquent in their arguments (for example, Weismann, 1894; Morgan, 1896; Baldwin, 1902) . Nevertheless, this viewpoint fell out of favor as some of the most remarkable evolutionary biologists of the last century attempted to reconcile classical and population genetics with evolutionary theory (Wcislo, 1989; Schlichting and Pigliucci, 1998; West-Eberhard, 2003) . Only in the last 25 years has the importance of phenotypic plasticity as a contributor to evolutionary change re-emerged as a central focus of evolutionary theory (for example, West-Eberhard, 1989 , 2003 DeWitt et al., 1998; Schlichting and Pigliucci, 1998) , and we are only beginning to understand and appreciate its influence on the evolutionary process (for example, Hallgrímsson and Hall, 2011; Moczek et al., 2011, this issue; Pfennig et al., 2010; Snell-Rood et al., 2010; Paaby and Rockman, 2014) .
Early publications often emphasized the influence of behavior, as its expression is typically highly plastic and modifiable over very short time frames. Thus, behavioral shifts were viewed as having the potential to 'rescue' populations experiencing marked environmental transitions, enabling them to persist until natural selection could enhance the genetic fit of the population to the novel environment ('Baldwin Effect' sensu Simpson, 1953) . Although a role for behavior in evolution was discussed occasionally during the period of the Modern Synthesis (most prominently in Roe and Simpson, 1958) , as interest in the role of plasticity re-emerged, the focus was primarily on morphology as the trait category of greatest theoretical import due apparently, to the perceived high costs associated with plastic morphological transitions (Bradshaw, 1965; Scheiner, 1993; Gotthard and Nylin, 1995; Schlichting and Pigliucci, 1998) (but see Bateson, 1988; Wcislo, 1989; West-Eberhard, 1989) . During the same period, the field of behavioral ecology developed separately, an occurrence that may account for the failure to incorporate behavior into theory concerning the role of plasticity in evolution, and also for the rarity with which those studying behavior incorporate the language of plasticity in their writing (Sih, 2004; Foster, 2013a) .
The difference in interpretation of the roles of behavior and morphology in evolution may lie in differences in two aspects of their expression: response time and reversibility. The probability that trait plasticity will evolve is inversely related to the time lag between exposure to a novel environment and expression of an appropriately responsive character (Moran, 1992; Padilla and Adolph, 1996; Thompson, 1999) . Morphological phenotypes, once initiated, often develop along trajectories that are largely irreversible (see Ebert et al., 2014 for exceptions). Thus, responsiveness of morphological features to environmental transitions often incorporates a long lag time before a new phenotype can be realized, limiting the likelihood that phenotypic plasticity will evolve. In contrast, behavioral responses to changing environments appear to have evolved as first responders to environmental change in animals (and a number of other organisms), and are effective in this role because they are the products of constitutive physiological systems (for example, neural and endocrine) that can provide rapid, plastic responses to novel contexts (for example, Dukas, 2013; Snell-Rood, 2013 ). At one extreme, different behaviors can be quickly elicited by environmental context and are thus considered 'activational' (sensu Snell-Rood, 2013) , exhibiting short time lags in expression and rapid reversibility. This is of course, a contrast of extremes. Some clonal organisms exhibit relatively rapid morphological responses to changing environments (Tollrian and Harvell, 1999) , and some non-clonal organisms can reverse the development of morphological structures (Ebert et al., 2014 for review) . Equally, many behavioral phenotypes are the products of environmentally triggered developmental trajectories, or of extended periods of learning (developmental behavioral plasticity; Snell-Rood, 2013) . As most efforts to contrast patterns of behavioral and morphological plasticity have concentrated on these extremes, a pattern of development, which we here term iterated developmental plasticity, has been largely overlooked, perhaps because life history phenotypes are not generally incorporated into comparative evaluations of patterns of plasticity across phenotypic categories. Iterated developmental plasticity is the case in which phenotypes develop repeatedly over the lifetime of a single individual, offering multiple opportunities for plastic modification of trait expression in response to changing environmental conditions.
The most obvious example of this phenomenon is iteroparity, in which reproductive characteristics can be modified between reproductive events within and between breeding seasons (JAB). Thus, behavioral and life history phenotypes of iteroparous animals that are associated with reproduction have the potential to exhibit significant iterative developmental plasticity, a pattern of plasticity that is less likely to apply to morphology than to other aspects of phenotype, although morphological features involving particularly dynamic tissues such as the brain, gills, and muscles may offer exceptions to this generalization (for example, Chapman et al., 2008; Crispo and Chapman, 2008; Tramontin and Brenowitz, 2000; Gonda et al., 2011a Gonda et al., , b, 2013 . Activational phenoytpes, predominantly behavioral or physiological phenotypes (Snell-Rood, 2013) , also can be modified on varying iterative time scales, often over very short time frames. Activational behavioral phenotypes are examples of iterated phenotypes that often can be modified by experience (learning or learning-like processes). A behavioral or physiological response to environmental contexts, which is expressed repeatedly over the lifetime of an individual, permits repeated modification of expression in response to both fine and coarse-grained environmental variation. If such modification occurs, the trait is not only activational, but also exhibits developmental plasticity.
Because the lag time between perception of a cue, and the phenotypic response to the cue, are thought to be inversely related to the likelihood that trait plasticity will be favored (Moran, 1992; Padilla and Adolph, 1996; Thompson, 1999) , trait iteration that occurs over relatively short time frames (for example, activational behaviors, multiple repeated events of clutch production within a season) could offer greater scope for plasticity than does trait iteration over longer time frames (for example, between years). On the other hand, phenotypes that are iterated say, between breeding seasons, could permit 'resetting' the within-season responses to environmental conditions. Here we evaluate these possibilities by contrasting the patterns of phenotypic plasticity across morphological, behavioral and life history trait categories in the adaptive radiation of the threespine stickleback fish, G. aculeatus. Like most fish, sticklebacks exhibit complex behavior and indeterminate growth (Wootton, 1976; Bell and Foster, 1994; Östlund-Nilsson et al., 2007 for reviews) , and thus are excellent subjects for the study of plasticity. Because sticklebacks exhibit surprisingly little plasticity for some aspects of life history relative to other fishes (Baker et al., this issue), we will also contrast what we have learned about trait plasticity in stickleback with that in other species as appropriate. We hope this conceptual framework will facilitate classification of patterns of plasticity across trait categories and thus improve our understanding of the nature of plasticity, the way in which plasticity evolves, and ultimately, the contribution of plasticity to patterns of evolutionary change.
THE ADAPTIVE RADIATION OF THE THREESPINE STICKLEBACK
The threespine stickleback fish, G. aculeatus, is a small teleost with a Holarctic distribution. Oceanic fish, comprising both anadromous and marine life histories, have colonized coastal freshwater habitats repeatedly, giving rise to a remarkable freshwater adaptive radiation (Bell and Foster, 1994) . As the last glaciers began to withdraw 12 000 years ago (Mathews et al., 1970; Clague et al., 1982; Reger and Pinney, 1996) , the most recent flush of colonization was initiated, producing a new wave of adaptive differentiation in deglaciated freshwater habitats (Bell and Foster, 1994; McPhail, 1994; Hohenlohe et al., 2010 Hohenlohe et al., , 2012 .
Oceanic populations are extremely large (Withler and McPhail, 1985; Cresko, 2000; Hohenlohe et al., 2010) and geographically uniform morphologically relative to their freshwater derivatives (Walker and Bell, 2000) . The relative stability of the ocean habitat makes it unlikely that these populations have evolved substantially in the last 12 000 years since giving rise to the most recent postglacial wave of colonization and radiation in fresh water. Thus, oceanic populations are likely to be reasonable surrogates for the ancestor that gave rise to postglacial populations within regions, although long-term evolutionary dynamics have produced regional structure in oceanic populations that make between-region generalization problematic (Orti et al., 1994; Johnson and Taylor, 2004; Hohenlohe et al., 2012; Foster, 2013b) , which is particularly apparent in the Baltic Sea (DeFaveri and Merilä, 2013) . The radiation is nevertheless unusual in that, with appropriate caution, regional oceanic populations can be used to infer ancestral character states relative to the postglacial freshwater radiation.
This radiation is also notable for high levels of parallelism, such that populations resident in similar freshwater habitats typically are similar in phenotype, even when clearly independently derived from oceanic ancestors. The association between phenotype and environment permits inference of adaptive value of particular traits (Bell and Foster, 1994; Foster et al., 1998; Schluter, 2000; Foster and Baker, 2004; Hendry et al., 2013) and, with the advent of sophisticated genomic tools, is facilitating our understanding of the degree to which parallel adaptive divergence reflects parallelism in the underlying genetic architecture of the traits (Hohenlohe et al., 2012; Jones et al., 2012a, b) .
Ecotypic variation in the stickleback radiation has been examined in the greatest detail along two environmental axes; predation intensity and habitat-influenced foraging mode (the benthic-limnetic continuum). The former is relatively straightforward. Oceanic stickleback are almost uniformly heavily armored (although the Baltic Sea populations are unusually variable; Münzing, 1963; DeFaveri and Merilä, 2013) . The armor comprises a set of posterior (lateral) plates and an anterior bony complex (Figure 1 ; central image). Loss or reduction in number of these plates in freshwater is common, and may be associated with low salinity, low calcium, enhanced swimming performance, and altered temperature or predation regimes (Reimchen, 1994; Barrett, 2010 , for reviews). The anterior complex consists of the two anterior-most dorsal spines and a pair of pelvic spines all of which lock into place and are supported by an 'armor box' that consists of the pelvic girdle and anterior lateral plates (Figure 1 : peripheral image at 12:00). The loss of the above complex may be facilitated by any of the above factors, and is clearly associated with the absence of native predatory fish (Bell et al., 1993; Bell and Ortí, 1994) .
Differentiation along the benthic-limnetic continuum is primarily driven by differences in foraging mode in lacustrine habitats of different types. Juvenile threespine stickleback are largely planktivorous, a foraging mode retained by adults in some deep, steep-sided lakes (limnetic ecotypes). Limnetic fish exhibits traits adaptive for foraging on plankton in open water, including long, streamlined heads and bodies, and long, narrowly spaced gill rakers effective for straining small prey from the water. In shallower lakes with a more extensive littoral zone, reproductive individuals often reach larger sizes and shift to foraging on benthic invertebrates (benthic ecotypes). Benthic ecotypes possess a suite of morphological features suited to foraging for macroinvertebrates in structurally complex, benthic habitats, including deep body profiles, and relatively short heads and short, widely spaced gill rakers, which retain food particles in the mouth as water passes through to the gills (Hart and Gill, 1994; Walker, 1997; Aguirre, 2009; Willacker et al., 2010) .
The shift to benthic foraging is also observed in oceanic fish on the breeding grounds. Benthic foragers, whether lacustrine or oceanic, forage in large groups and attack young in nests guarded by male stickleback if the nests are detected (Foster, 1994) . In some populations they may destroy more than half of the nests with young (Foster, 1988) . In benthic populations the conspicuous zig-zag courtship dance of limnetic males is rarely observed, and courtship is instead initiated by females, after which a behavior called dorsal-pricking ensues (Foster and Baker, 1995; Foster et al., 1998 Foster et al., , 2008 . This behavior is less conspicuous than the zig-zag and apparently allows the males to survey their surroundings for risk (Sargent, 1982) . In benthic populations, a complex diversionary display is often elicited by the approach of groups of conspecifics that, if effective, diverts the group from approaching the nest (Foster, 1988 (Foster, , 1994 . In contrast, in extreme limnetic populations, males typically court females in approaching groups and the diversionary display is not seen (Foster, 1994 Foster and Baker, 1995) . This pattern of ecotypic differentiation is apparent in behavior and morphology, but less so in life history, an issue we will address in the discussion (see also Baker et al., 2015) .
MORPHOLOGICAL PLASTICITY IN THE RADIATION
Morphological plasticity is by nature developmental rather than activational. With few exceptions, plastic transitions in morphological features take time, tend to take place primarily during the transition from embryo to adulthood, and are rarely reversible (Ebert et al., 2014, and references therein) . Adaptive morphological plasticity is less likely to evolve than is plasticity for many aspects of behavior, or some components of life history and physiology, simply because the time lag between detection of an environmental cue and a response to that cue is likely to be greater (Padilla and Adolph, 1996; Thompson, 1999) .
This generalization largely holds for the aspects of phenotype that have been studied in the threespine stickleback. Most morphological features are constitutive. All sticklebacks have a shape, a jaw structure, an eye size. Ancestrally, they also possess substantial armor, consisting of lateral plates, a pelvic girdle and pelvic and dorsal spines. Some elements are expendable and, where it occurs, armor reduction is typically adaptive, facilitating escape from invertebrate predators and/ or providing growth advantages in fresh water (Reimchen, 1992; Barrett et al., 2008 Barrett et al., , 2009 Marchinko, 2009; Le Rouzic et al., 2011; Leinonen et al., 2011; Lescak and von Hippel, 2011; Lescak et al., 2012) . Loss of spines and lateral plates occurs primarily via genetic change (Colosimo et al., 2004; Cresko et al., 2004; Shapiro et al., 2004; Coyle et al., 2007; Chan et al., 2010) , although Loehr et al. (2012) , while documenting heritability of plate number, demonstrated significant environmental and maternal effect influences on lateral plate expression as well. The origin of the environmental influence on plate expression is unclear, but appears not to be caused by salinity variation (McCairns and Bernatchez, 2012; Wund, unpublished) .
Plastic influences on morphological phenotypes are more apparent in continuously varying characters including body size, body shape and gill raker morphology (Day et al., 1994; Wund et al., 2008 McCairns and Bernatchez, 2010 , although genetic variation is a primary determinant of variation in expression of these traits (Peichel et al., 2001; Aguirre et al., 2004; Albert et al., 2008; McGuigan et al., 2010; Berner et al., 2014) . Factors such as diet, habitat structure, water velocity and salinity vary considerably among populations, and all are known to impact the development of these features in stickleback and/ or other fishes (Day et al., 1994; Pakkasmaa and Piironen, 2000; Imre et al., 2002; McCairns and Bernatchez, 2012; Wund, 2012) .
Research on morphological plasticity in stickleback has focused primarily on the possibility that initial (ancestral) patterns of plasticity in oceanic threespine stickleback have influenced the pattern of adaptation in the freshwater radiation, leading to the high levels of parallelism. That ancestral phenotypic plasticity could give rise to parallelism was initially suggested by West-Eberhard who titled it the binary flexible stem hypothesis (West-Eberhard, 2003) . Consider an ancestral population that colonizes two discrete, alternative environments. Through plasticity colonists develop alternative phenotypes that then become increasingly adaptive through the process of Figure 1 The adaptive radiation of the threespine stickleback, Gasterosteus aculeatus. The center image represents the oceanic type throughout most of the distribution. Peripheral images are freshwater derivatives that exhibit armor modification and loss as well as other changes in morphology. Bell and Foster, 1994 , copyright open.
Iterative development and the scope for plasticity SA Foster et al evolution by genetic accommodation. Should this ancestral stem group repeatedly colonize similar habitats, plasticity will repeatedly reveal the same developmental variants, and selection should repeatedly refine them into similar adaptations, leading to widespread, parallel ecotypic variation.
This hypothesis was evaluated in the context of parallel evolution of benthic and limnetic lacustrine ecotypes. If the repeated evolution of these ecotypes resulted in part, from common patterns of developmental plasticity in ancestral colonists, modern oceanic stickleback should express benthic-like and limnetic-like traits when reared under conditions characteristic of those two environments. As predicted, threespine stickleback from an oceanic population reared on benthic versus limnetic diets exhibited patterns of plasticity that paralleled trophic differences between the benthic and limnetic phenotypes. Single limnetic and benthic populations reared on the two diets also exhibited expected patterns of plasticity, although the patterns of plasticity differed, suggesting genetic accommodation (Wund et al. 2008) . Addition of habitat complexity to the benthic treatment produced additional differences in body form in the oceanic population that also paralleled patterns of ecotypic differentiation . Thus, these results clearly demonstrate morphological plasticity for trophic and body shape characteristics and they are compatible with a role for plasticity in the origin of benthic-limnetic parallelism in the freshwater radiation.
Although the traits we examine here are unlikely to exhibit true reversal in the sense that they could be progressively lost, or regress, the developmental trajectory can be modified as late as 4 months of age. In this instance, oceanic (ancestral) stickleback were raised in the two environments described above (including benthic complexity), but half of each group were switched between environments at four months of age (the other half of each serving as controls). One month later, individuals experiencing a treatment shift displayed identical and intermediate morphological phenotypes relative to those that had remained in their original environments, suggesting that they were undergoing shape reversal via developmental morphological plasticity ( Figure 2 ). Thus, it appears that developmental trajectory alteration can offer a plastic phenotype 'rescue' in response to changing environmental conditions even for morphological traits typically considered to exhibit relatively low plasticity. Given that stickleback exhibits indeterminate growth, plastic readjustment of morphology may have an iterative nature in populations of threespine stickleback that live multiple years, and which thus may encounter annual shifts in resource availability during the primary growing season.
A final class of 'morphological' features are those consisting of physiologically active tissues that tend to exhibit considerable plasticity. Examples include muscles that respond to use, and gill tissues that respond to hypoxic conditions (for example, Chapman et al., 2008; Crispo and Chapman, 2010) . Although these traits have not to our knowledge been studied from this perspective in stickleback, it is likely that some of the shape changes described in Wund (2012) involve muscle plasticity. Neural tissue is also highly responsive to environmental conditions, a responsiveness that has been detected in brains of both the threespine stickleback and the ninespine stickleback (Pungitius pungitius). In the ninespine stickleback, the size of the bulbi olfactorii (chemosensory center) was influenced by rearing regimes (feeding and predation) in two populations of freshwater fish, but not in marine (ancestral) fish (Gonda et al., 2011b) . In the threespine stickleback, telencephalon size decreased substantially after wildcaught fish were moved to the laboratory, and telencephalon shape changed to become more like that of laboratory-reared fish over a 90-day period (Park et al., 2012), suggesting not just plasticity but reversibility. Thus, the brains of stickleback could undergo iterative developmental shifts, possibly on a seasonal basis.
A more obvious set of physiologically active tissues that can undergo iterative developmental modification are those that regress but then are redeveloped during the breeding season. In stickleback, these Figure 2 Canonical variates analysis on body shape of anadromous stickleback reared under four conditions: BB fish were in a 'benthic' habitat/diet treatment for 5 months; LL fish were in a 'limnetic' habitat/diet treatment for 5 months; BL fish experienced benthic conditions for 4 months, followed by 1 month in the limnetic treatment, and LB fish experienced limnetic conditions for 4 months, followed by 1 month in the benthic treatment. CV 2 represents shape differences along the typical benthic-limnetic axis, with BL and LB fish intermediate to the BB and LL morphologies. These data suggest that BL and LB fish were in the process of a morphological reversal when they were killed. Permutation tests were used to determine whether body shape differed significantly among pairs of groups, and only BB and LL were significantly different (P = 0.05; all other P40.09).
include testes (Schneider, 1969) , and even sperm (Mehlis and Bakker, 2013) , as well as ovaries and the male kidney, which becomes elaborated during the breeding season to produce spiggin, the glue used by males during nesting (Borg, 2007, for review) . Though these structures are not traditionally considered morphological, they offer a useful contrast with less-plastic aspects of morphology, and clearly offer evidence of iterated developmental plasticity of morphological features, an observation made early by Tinbergen (below).
BEHAVIORAL PLASTICITY IN THE RADIATION
As far as innate behavior is concerned, development can be considered complete when the animal reaches maturity. But it should be realized that this stage is not reached by all behavior patterns at the same time. Most of them, usually the non-reproductive patterns of the adult individual, complete their development at an early stage, whereas the reproductive patterns appear much later. Moreover, they subsequently regress and redevelop repeatedly, at least in many species, and the phenomenon deserves no less attention than the development of the other activities. Niko Tinbergen, (1951) p. 129.
This passage could serve as an introduction to the concept of the iterative modification of phenotypes we emphasize here. This is particularly true as Tinbergen then progresses to the modification of these phenotypes via learning, an intrinsically plastic process. Unquestionably, the classical ethologists, primarily responsible for raising the threespine stickleback to the status of a model species in behavior, understood the interface between genetic (innate) and plastic contributions to behavior. They further were aware that highly stereotyped, innate behaviors varied in performance even within individuals, reflecting this environmental responsiveness (for example, Barlow, 1977) .
As an example, the zig-zag motor pattern exhibited by males during courtship was clearly recognized as an innate behavior, as males that have never observed a zig-zag dance perform the behavior in response to either a female or a model of a female (Tinbergen, 1951; Rowland, 1994 for reviews). However, the same males, when presented with a male 'intruder', or a male dummy, will attack the dummy. These behaviors were generally viewed by those who studied them as mutually inhibitory, and causally linked, as territorial intruders immediately induced increased male aggression and decreased courtship toward females, a pattern that gradually reverses itself in the absence of intruders (for example, Tinbergen, 1951; Wilz, 1972) . Recent evidence of a shared neural network underlying social behavior, including aggressive and reproductive behavior in fishes and other vertebrates (for examples, Goodson, 2005; O'Connell and Hofmann, 2011) , suggests that these alternative but linked behaviors may well be the products of an activational neural system, as shared components are likely to be involved in the production of alternative behavioral responses.
This example is particularly instructive because there is evidence of both immediate, activational responses to alternative stimuli, and a slower return to courtship following an aggressive challenge. The temporal difference in response is likely adaptive, as the territorial challenge poses an immediate threat, requiring an immediate behavioral response, whereas the recovery period reflects assessment of declining risk with time since presentation of the threat. Failed courtships, in which females attempt to enter the nest but then leave without spawning, can also result in immediately enhanced aggression toward females, and elevated levels of nesting activity with a slow recovery of active courtship (Wootton, 1976 ; Rowland, 1994 for reviews). In the latter case, the slower recovery could reflect the need for nest repair following partial or complete entry of the female. An alternative to the adaptive explanations in both cases is that the longer recovery relative to the initial response reflects the time required to revert to the original genomic/hormonal (motivational) state following the initial stimulus-an intriguing direction for future research.
Sneaking behavior by males offers similar evidence of short-term 'developmental' elements of activational responses to specific environmental contexts. Males in at least some populations in Europe (for example, van den Assem, 1967; Goldschmidt et al., 1992) , Eastern North America (de Fraipont et al., 1993) and Alaska (Shaw and Foster unpublished) , build nests and then shift to sneaking behavior. Sneakers assume a mottled drab pattern, desert their nests and swim widely until they detect courtship, at which time they drop gently to the substratum and move slowly to the nest of the courting male using rocks and plants as cover. Successful sneakers enter the nest as the female leaves, and immediately return to the nest entry to steal eggs, which they place in their own, often derelict nests. They may return to steal eggs more than once, following which they assume bright coloration and court females (Östlund-Nilsson, 2007 for review). Later-nesting, often younger males are more likely to sneak than are earlier-nesting older males in several populations (Goldschmidt et al., 1992; de Fraipont et al., 1993) , a suggestion that conforms to our field observations in Alaskan populations. If true, older males that have been through one breeding season as sneakers may be those that nest first, and court actively, whereas first-time breeders more often sneak. Sneaking could thus offer an example of iterative behavioral development in which the development of sneaking is most likely in breeding seasons early in life, becoming less likely as the males age. Oddly, sneaking behavior during courtship is not observed in freshwater populations in southern British Columbia, Canada, a condition that likely reflects either a loss of plasticity, or a shift in expression threshold in this region relative to the rest of the distribution of threespine stickleback (Goldschmidt et al., 1992; Shaw, 2014) .
This regional difference in sneaking tendency highlights a characteristic of the threespine stickleback radiation that makes it an outstanding subject for evolutionary research: population variation that includes variation in behavioral plasticity among populations. This is evident in courtship behavior as different populations exhibit different tendencies to perform the zig-zag dance, versus the less conspicuous dorsal-pricking behavior often initiated by females (Wilz, 1972) . A contrast of courtship behavior in natural contexts with that observed in the laboratory illustrates this point. Oceanic (ancestral) populations are variably exposed to cannibalistic foraging groups that attack nests and consume young within them. Males in the wild rarely incorporate the conspicuous zig-zag dance in courtship in the field when foraging groups are abundant, but do so more often when foraging groups are absent (Foster, 1995; Foster et al., 1998) , and under laboratory conditions (Figure 3 ; Shaw et al., 2007) . In benthic populations, cannibalism is nearly ubiquitous, and males from two populations retain ancestral patterns of plasticity, but are less likely to perform the zig-zag dance, suggesting evolution of the norm of reaction from the ancestral state (Figure 3) . In contrast, in the historically limnetic Lynne Lake population, the zig-zag dance was a consistent part of courtship both prior to the emergence of cannibalistic foraging groups, and several years after such groups were first detected, indicating a loss of sensitivity to the presence of foraging groups (genetic assimilation).
Courtship behavior thus is clearly plastic, and activational in all populations, in that all populations have the capacity to perform both the zig-zag dance and dorsal pricking, but the tendency to do so has evolved. In the historically limnetic Lynne Lake population, sensitivity to the presence of benthically foraging cannibalistic groups has either been lost, or the threshold has shifted over the 12 000 years in which paternal defense of nests was unnecessary (Chock, 2008) . That a shift in threshold is plausible is indicated by the greater stimulus intensity required to elicit the diversionary display in laboratory-reared males from limnetic (non-cannibalistic) versus benthic or oceanic (cannibalistic) populations (O'Neil, 2012) . This is a conspicuous display that diverts the attention of approaching cannibalistic groups from the nest to the male. The behavioral response of males to cannibalistic groups is clearly activational in that males respond to groups with the display only in response to a direct approach by a group, otherwise joining or watching groups that are passing by or are above (Foster, 1988) . Although this display is never seen in response to the approach of groups in non-cannibalistic populations (Foster, 1994) , it can be elicited from limnetic, laboratory-reared males (three populations) when groups trained to attack nests do so (O'Neil, 2012) . This behavior has re-emerged in the Lynne Lake population that is reverting to ancestral cannibalistic tendencies (Chock, 2008) . Evidence to date suggests that the form of the diversionary display is activational in that it is an immediate response to precise environmental context, but also that the sensitivity to context can evolve.
Recently, interest in persistent individual variation in behavior and in persistent suites of correlated behaviors (personalities or behavioral syndromes sensu (Dall et al., 2004; Sih et al., 2004a, b) has gained traction as a theoretical issue in the evolution of behavioral phenotypes. Particularly well studied in the context of individual variation within and between populations is the shy/bold behavioral continuum (Huntingford, 1976; Wilson et al., 1994; Bell and Sih, 2007; Dingemanse et al., 2007) . The origins of these differences are not well explored to date, although there is evidence for both genetic and learned contributions in threespine stickleback (Bell and Stamps, 2004; Bell and Sih, 2007; Dingemanse et al., 2007; Wund et al., 2015) , and one experimental study provided clear evidence that experience with predators could organize syndromes (Bell and Sih, 2007) . Whether behavioral syndromes that present as a consequence of experience are persistent or reversible has not to our knowledge been examined, although the experiment by Bell and Sih (2007) makes clear that the organization of such syndromes is activational in that presumably the same neural network can produce alternative outcomes over relatively short time frames.
As the fish in these studies were wild-caught, the results are sufficient only to indicate that antipredator and associated behavior can be modified by experience. However, a recent comparison of the antipredator responses of laboratory-reared and wild-caught threespine stickleback from Alaskan freshwater populations with and without rainbow trout (Oncorhynchus mykiss) predation demonstrated that stickleback from three predator-free populations responded more weakly to a simulated trout attack than did stickleback from populations with trout, whether those trout were native to the lake (three populations) or recently introduced (three populations). Although these behavioral differences among populations were generally maintained in laboratory-reared fish, laboratory-reared (predator-naive) fish from some populations showed substantially reduced antipredator responses relative to their experienced, wild-caught counterparts . Thus, it appears that the expression of antipredator behavior can be influenced by the history of selection and evolutionary responses to that selection, but that expression also can be modified by experience (activational or developmental plasticity) in at least some populations. In no case has decay (reversal) of developmental effects on antipredator behavior been examined in adult stickleback.
In contrast, embryonic learning of predator cues, as indicated by the behavior of the fry they produce, appears to decay in an adaptive fashion (reversible). Stickleback embryos (laboratory crosses) exposed to olfactory cues from predators (sculpin) that have been fed stickleback eggs exhibit stronger antipredator responses to cues from the predators alone than do control fry. Similar responses are elicited from fry exposed to cues from stickleback that have cannibalized embryos when exposed to cues from adult stickleback not fed embryos, but this response decays more rapidly than does that to heterospecific predators, disappearing at a size at which fry are no longer vulnerable to cannibalism (Golub, 2013) . In this instance, behavioral responses to predators are not only activational as they are triggered by detection of a predator, but also are developmental and in some cases, reversible.
Perhaps the ultimate form of developmental phenotypic plasticity involves maternal or epigenetic effects on offspring (Hallgrímsson and Hall, 2011; Love et al., 2013 for reviews) . Although the mechanisms are not well understood, there is emerging evidence that, as has been demonstrated in mammals, maternal stress can impose epigenetic influences on offspring behavior in fish with external fertilization (McCormick, 1998; Giesing et al., 2011; Roche et al., 2012; Mommer and Bell, 2013) . In stickleback, the stressor most often studied is exposure to a heterospecific predator. Recent research indicates that repeated exposure to a model predator can cause changes in egg characteristics (higher cortisol levels, larger size and initially higher metabolism; Giesing et al., 2011) , has variable effects on offspring antipredator behavior (Giesing et al., 2011; McGhee et al., 2012) , can reduce offspring survival and can have a negative influence on performance in a learning discrimination task (Roche et al., 2012) . These epigenetic modifications of offspring behavior are likely to be induced by the glucocorticoid stress response of the mother, which could in turn affect responsiveness of this system in offspring, although results to date are equivocal (Mommer and Bell, Figure 3 The proportion of courtships by males from four Alaskan threespine stickleback populations that incorporated or failed to incorporate the zig-zag dance in field and laboratory environments. Only the first courtship per male is included. Cannibalistic groups are present in the field in benthic (black circles) and oceanic (grey diamonds) populations. Although historically absent from the limnetic Lynne Lake population (squares), cannibalistic groups, and male diversionary responses are now common, but the frequency courtships incorporating the zig-zag dance in the field is unchanged (Chock, 2008) . Figure adapted from Shaw et al., 2007 Shaw et al., . 2013 Shaw et al., , 2014 . Effects such as these are clearly developmental in nature, and such studies begin to address the physiological underpinnings of phenotypic plasticity.
Cannibalism also has the potential to impose maternal stress because the threat of cannibalistic attacks deters males from courting effectively as they instead defend nests from intruders, leading to protracted post-ovulation egg retention by females in benthic populations where cannibalism is a consistent threat (Foster and Baker, 1995; Foster et al., 1998 Foster et al., , 2008 . Ovulation itself is stressful, an observation confirmed with data on opercular beat rates in one benthic and one limnetic population (post-ovulatory beat rates greater than preovulatory; F1,16 = 43.3, Po0.0001; Mazzarella, 2010). Laboratoryreared limnetic females are more likely to drop clutches than are benthics when forced to hold eggs 24 h post ovulation (78% versus 40%; P = 0.012). Both ecotypes are more likely to drop clutches when forced to hold eggs for 24 h than within 8 h post ovulation (pooled frequencies 55% versus 10%; P = 0.0001). Data on egg cortisol levels suggest that limnetic and benthic females respond differently to forced egg retention, assuming that egg cortisol is a good proxy for maternal circulating cortisol levels (Figure 4) . The high values for Lynne Lake first clutch eggs are likely caused by greater responses of limnetics than benthics to handling (movement from home tanks to isolation tanks prior to the first clutch). Focus on clutches 2-4 suggests little difference between clutches or treatments, especially for benthics. However, limnetics show reduced cortisol levels when forced to retain eggs. A possible explanation is that, because selection has favored clutch release in limnetics, and because spawning delays are rare, egg retention is distressing for limnetics. This could lead to negative feedback inhibition whereby high maternal circulating cortisol levels shut down the neuroendocrine stress axis as a protective mechanism against the damaging effects of chronic stress. This, then, is reflected in low egg cortisol levels. Benthics, which are persistently required to hold eggs for extended periods, may have evolved lower baseline cortisol levels, or less marked increases in cortisol when forced to retain eggs. Because benthics do not experience chronic stress axis activation, they may not invoke negative feedback inhibition and, therefore, maintain higher maternal circulating cortisol, which is then reflected as moderate egg cortisol levels. These are alternatives that remain to be explored. These last examples clearly bridge elements of behavior with life history, and offer examples of iterative developmental plasticity, a form of plasticity particularly common in stickleback life history traits.
FEMALE LIFE HISTORY PLASTICITY IN THE RADIATION
Life history traits are arguably the class of traits most closely linked to fitness as they include, for example, the timing of reproduction within the life cycle, the overall effort put into reproduction, the partitioning of that effort into the number and sizes of propagules, and the frequency of reproduction both within a season and across breeding seasons (Reznick et al., 2000) . These traits are typically influenced by resource-based trade-offs, and thus are expected to be responsive to environmental exigencies. As expected, a strong plastic component to variation is commonly observed (Mousseau and Fox, 1998; Nylin and Gotthard, 1998) . This is particularly evident in the case of female life histories in iteroparous organisms such as the stickleback, in which reproductive plasticity can be expressed in each of the traits listed above, across a broad range of time scales. Thus, the multi-level iterated nature of reproduction offers great flexibility in adjusting the overall allocation of resources.
As in the case of morphology, many life history traits can be considered constitutive in that individuals have a size at first reproduction, in each reproductive season or event they have a testis or ovary size, and in females, a clutch size and egg size, and a withinseason clutch frequency/number. Again like morphology, variation in life history traits reflects underlying genetic differences (Mousseau and Roff, 1987) , but they tend to exhibit greater and more rapid environmental responsiveness than does morphology. To the extent that life history traits are environmentally responsive and iterated in expression, the opportunity exists for adaptive plastic modification of the phenotype within and between reproductive seasons, although the time frame will be longer than that for behavior, which primarily is activational and readily reversible.
The size or age at which females become reproductive (maturation) has a significant impact on future potential reproduction, particularly in taxa that exhibit indeterminate growth, as the initiation of maturation often exacts a growth cost (Stearns, 1992; Charlesworth, 1994; Roff, 2000) . This is likely to be particularly important in species that reproduce on a strongly seasonal basis in a limited number of years. Plasticity of maturation has been documented in a diversity of fish (for example, Barot et al., 2004; Morita and Fukuwaka, 2006) , and can be cued by early life growth rate (Bertschy and Fox, 1999; Auer, 2010) or size at the onset of the breeding season (Charnov, 1990; Reznick et al., 1990; Day and Rowe, 2002) . Reproduction early in life is generally thought to be favored due to reproductive 'compounding' (Caswell, 1989; Roff, 2000; Angilletta et al., 2004) , a factor that may have served to maintain plasticity in expression of this trait in threespine stickleback in which age/size at first reproduction is heritable (McPhail, 1977; Snyder and Dingle, 1989; Snyder, 1991) . Threespine stickleback most often appear to breed first at age 2 , but in most freshwater populations an annually variable proportion breed in year 1 , and these are generally the largest age-1 fish, though they can be induced to breed as early as 200 days of age in the laboratory (Snyder, 1991) . Oceanic (ancestral) populations breed primarily at age 2 in Alaska, but also show a variable proportion of age-1 breeding females. Thus, age and size of first reproduction is apparently an anciently plastic trait in the stickleback radiation. This plasticity is likely to have been favored in freshwater by the rather wide range of breeding dates within many populations, causing seasonally late-hatching individuals to delay reproduction for a year relative to those hatching early in the season (Saito and Nakano, 1999; Baker et al., 2015) . As maturation is a onetime event, reversibility, or iteration are not relevant except in the sense that a female could potentially reproduce in 1 year and then skip reproduction in a later year (for example, Trippel and Harvey, 1989) , although this seems unlikely in fish with lifespans that encompass only two breeding seasons (3 years of life) in most populations.
In iteroparous organisms, investment in reproduction (reproductive effort) can undergo plastic modification both between clutches within breeding seasons, and between breeding seasons. Such plasticity has been documented in a wide range of ectotherms (for example, Gotthard and Nylin, 1995; Nylin and Gotthard, 1998; Poizat et al., 1999; Brown and Shine, 2007) . The most common metric of reproductive effort is the mass of eggs in a single clutch, scaled to body mass (for example, Gunderson and Dygert, 1988; Heins and Baker, 1993) .
Females in many populations of threespine stickleback have ample opportunity to adjust reproductive effort as a female can produce 8-9 clutches in a season (Wootton, 1973; Wootton and Fletcher, 2009; Baker, unpublished) , and in some cases can reproduce in 2-3 seasons (Baker, unpublished) . In some populations, females are capable of producing more than twice their body mass in eggs. Despite the opportunity for adjustment of clutch mass within seasons, available evidence suggests that females set size-appropriate clutch mass well before reproduction is initiated, and then maintain that clutch mass throughout the breeding season . Under conditions of reduced rations, it is the inter-clutch interval rather than effort per clutch that shifts, lengthening after production of the first low-ration clutch. It thus appears that plastic adjustment to inter-clutch interval is responsible for within-season accommodation of reproductive effort to altered nutrient intake (Ali and Wootton, 1999; Wootton and Fletcher, 2009) , and that it is relatively rapidly developmental in nature. This plasticity may simply reflect the inability to produce a clutch quickly when food is scarce, or it may be protective of body organs, insuring that they are not too severely depleted for survival into future reproductive seasons to be possible .
Although there is little evidence for adjustment of clutch mass within seasons, comparison of laboratory-reared and wild-caught individuals from the same populations offers evidence of clutch mass plasticity in that laboratory-reared females develop smaller relative clutch masses than do their wild counterparts. This effect is most prominent in freshwater populations where females are likely to be able to spawn in more than one breeding season. Thus, it is plausible that freshwater stickleback in good condition (that is, in the laboratory) reduce reproductive effort in a way that could increase the probability of reproducing in future breeding seasons under natural conditions. The effect is smaller in oceanic populations where females are very unlikely to spawn in 41 year, suggesting that the ancestral condition is one of low plasticity for annual adjustments in clutch mass.
Given this information, the presence of iterative developmental plasticity in relative clutch mass across years is perhaps not surprising. Data from field collections indicate that in the majority of populations studied by Baker et al. (2015) , females increase their size-adjusted reproductive effort as they move through sequential breeding seasons. This suggests that females are not reproducing at maximum (though perhaps still very high) values early in life, likely enhancing the probability of surviving into future reproductive seasons, and that they allocate greater proportional resources to reproduction as the probability of surviving to another breeding season declines. Thus, this pattern suggests iterative, adaptive developmental plasticity for this trait. Baker et al. (2015) suggest that the clutch mass to body mass ratio of a given population can perhaps be viewed as the constitutive expression of reproductive effort-and that females modify this effort plastically as they enter a breeding season based on condition and environmental cues. This is an intriguing way of thinking about the interface between constitutive (heritable) contributions to populationspecific aspects of life history.
Egg size in fishes typically is considered to be under strong selection (Bernardo, 1996) , particularly as it tends to be correlated with the size and capabilities of the fry (Kingsolver et al., 2001; Einum and Fleming, 2002; Segers and Taborsky, 2011) . Egg or offspring size plasticity is common in many animals, including fish, and has been studied in detail (Rodd et al., 1997; Trexler, 1997; Kolm, 2001; Abney and Rakocinski, 2004; Leips et al., 2013) . Stickleback are unusual in that they exhibit relatively little plasticity for this trait within breeding seasons. That which has been detected seems for the most part, not to be adaptive, but rather to be an extreme response to inadequate nutrition (Baker et al., 2015, for review) . However, some potentially adaptive egg size plasticity has recently been suggested in a few Alaskan populations subjected to high levels of parasitism by the cestode Schistocephalus solidus (Heins et al., 2014) . There is also evidence of iterative developmental plasticity for egg size on an annual basis in many freshwater populations and all oceanic populations that have been studied . The plasticity is expressed as a positive relationship between egg size and female size or age in crosssectional data, suggesting that individual females may increase egg size with increasing body size or age, a hypothesis that remains to be demonstrated directly in individual females. This apparently ancestral trait is only exhibited in about half of freshwater populations, however, suggesting that many populations may have lost this plasticity.
Clutch size is the number of eggs into which reproductive effort is subdivided. Because clutch size is clearly a fundamental life history trait, and because it can be more easily quantified in many species than can reproductive effort, clutch size has been studied in a wide range of species. As a byproduct of these efforts, clutch size plasticity has been documented across a wide range of taxa including many fish (Kennedy et al., 2007; Kindsvater and Alonzo, 2014) . However, there appears to be little within-season plasticity of clutch size in stickleback. Clutch size is tightly associated with reproductive effort (population level correlations range from 0.79-0.90 across 83 populations; Baker et al., 1998 Baker et al., , 2008 Baker et al., , 2015 and both are strongly influenced by female size. Once the effect of female size is removed, clutch size and egg size are inversely related, exhibiting expected trade-offs (Baker et al., 1998 (Baker et al., , 2005 Oravec and Reimchen, 2012) . Between-season plasticity in clutch size has been documented in stickleback but it is so tightly linked to reproductive effort and egg size once adjusted for female body size that individual values are highly constrained, rendering the driver of plasticity unclear .
Overall, life history traits of female stickleback appear to exhibit surprisingly modest plasticity and essentially no reversibility. Within seasons, plasticity is primarily exhibited in shifting inter-clutch intervals as conditions change, or possibly as the season progresses. Between-season plasticity (iterative developmental plasticity) is apparent in modifications of body size-adjusted reproductive effort, egg size, and clutch size in many but not all populations. Oceanic (ancestral) fish exhibits plasticity for onset of maturation, a characteristic retained by most freshwater populations, whereas comparisons of reproductive effort in oceanic and postglacial freshwater populations suggest that low plasticity for this trait was the ancestral condition, but that plasticity has tended to increase over the course of adaptation to freshwater. Even given the apparent modest plasticity in individual traits, the multivariate life history expressed over the entire lifespan may compensate by providing a variety of means to respond plastically to the environment ( Figure 5 ).
DISCUSSION
As anticipated, different classes of phenotypes exhibit different patterns of plasticity in threespine stickleback. Morphological features, traditionally considered those underlain by cartilage and bone invertebrates, are largely irreversible once formed, and do not exhibit iterative development in the sense that the development of the trait can be reversed or initiated de novo more than once in an individual's life. However, at least as juveniles, threespine stickleback shifted from benthic to limnetic environments (or the reverse) are able to alter developmental trajectories in a habitat-appropriate manner, and the patterns of plasticity have been demonstrated to mirror the greater evolutionary divergence between benthic and limnetic ecotypes, suggesting that plasticity could have influenced the patterns of evolutionary change in the freshwater adaptive radiation (WestEberhard, 2003; Wund et al., 2008 Wund et al., , 2012 .
Organs less traditionally considered in the context of shape, physiologically active soft organs that do not lay down extracellular matrices like cartilage or bone, can be more readily modified in response to seasonal changes or shifting environmental conditions. Environmentally responsive tissues, including the brain, can exhibit patterns of plasticity that can result in changes in both size and shape (above). As a number of plastic organs (kidneys, gonads) are associated with reproduction, often an iterated event both within and between seasons in stickleback, these transitions, at least at an annual level, tend to be linked to iterated events in life history.
Plasticity of life history traits in female threespine stickleback is surprisingly more similar to that displayed by 'hard tissue' morphological traits than it is to activational behavioral traits. For example, stickleback do not appear to have the ability to make rapid, adaptive changes in clutch size or egg size. Instead, within-season changes are rather extended and subtle shifts, and these shifts are only made if conditions (for example, ration level) are altered for a relatively long period of time. However, life history plasticity also shows some substantive differences from that shown by morphology. Most divergently, female stickleback appear to plastically determine an overall life history strategy (for example, set appropriate levels for individual traits) well before the reproductive season commences, and then follow their set strategy for an entire season, except when conditions change substantially after reproduction begins. As a consequence of this, life history plasticity is only apparent when viewed across the entire adult lifespan. This plasticity, which Baker et al. (2015) have termed 'iterative ontogenetic plasticity' is typically exhibited as a shift in allocation trajectories relating life history traits to body size and age. For example, in many populations, including all ancestral populations studied to date, egg size increases with size and/ or age, and also in many populations the level of reproductive effort Figure 5 Interrelationships among female life history traits for a generalized threespine stickleback population in which females are able to breed in two consecutive years. In this model, clutch size is the trait of central importance, as it represents the maximum potential successful offspring per spawning; other traits collectively alter the clutch size. The female's 1st-year clutch size is indicated by the solid lines forming a diamond. The females plastically alter their pattern of investment in the 2nd year, indicated by the dashed lines forming a distorted diamond. In her 2nd year the female is larger, which increases clutch size substantially; she makes an increased reproductive effort, which also increases clutch size; in contrast, she makes larger eggs which diminish clutch size; condition is unchanged. The size of each diamond is directly proportional to clutch size, and the reallocation strategy is indicated by the change in the diamond's shape. In both years, ration variation drives changes in the inter-clutch interval and in the total number of clutches; this would be visualized as multiple diamonds extending along a time axis within each breeding season.
increases with size and age. This suggests that the target level for each trait is reset annually, likely cued by factors intrinsic to the female herself-body size or energy state are plausible candidate factors.
The expression of some aspects of behavior, especially reproductive behavior, is tightly linked in temporal expression to life history, and similarly offers the opportunity for iterated development (reproductive bouts within a season or reproduction between seasons) that can potentially lead to quite different phenotypes among iterations (for example, sneaking or territorial behavior). The low plasticity of life history traits within seasons suggests that this connection should not strongly influence behavior, though we know so little about individual behavioral or life history trajectories within or between seasons that such relationships are very difficult to evaluate. As anticipated, most aspects of behavior, particularly those involving specific motor patterns, are both activational and reversible. As these behaviors can be elicited repeatedly during the lifespan, but are not performed identically among iterations, they can be interpreted as exhibiting short-term iterated developmental variation as well (often via learning). Activational phenotypes are likely to be limited to behavioral and some physiological responses to environmental cues (Snell-Rood, 2013 ).
Although we have emphasized behavioral phenotypes that include activational and developmental components, research in behavioral ecology has generally focused on the ability of animals to respond adaptively, on very short time scales, to changing environments (for example, Krebs and Davies, 1993; Stephens et al., 2007; Westneat and Fox, 2010) . This is particularly evident in studies of optimal foraging in which threespine stickleback (and many other species, ibid) have been shown to respond rapidly and adaptively to changing foraging conditions (Milinski, 1988; Hart and Gill, 1994) , or with a short delay in patch switching that is clearly adaptive and does not seem to reflect developmental delay (Laskowski and Bell, 2013) . This kind of behavior, which responds rapidly to environmental context, is clearly activational and rapidly reversible. These studies have generally focused on single freshwater populations however, and it is unclear how broadly they extend across populations in the freshwater radiation.
There can be little question that the overriding story of the stickleback radiation has been one of the high level of parallelism in the freshwater radiation, coupled with our ability to infer character polarity relative to carefully selected regional oceanic populations. Parallelism in morphology and behavior has been widely reported along the benthic-limnetic continuum (for example, Lavin and McPhail, 1986; Walker, 1997; Willacker et al., 2010) and with respect to levels of predation in Scotland and Alaska (Reimchen, 1994; Barrett, 2010 , for reviews). The apparently high levels of parallelism in morphology and behavior could have very different underlying causes, in part due to the differing kinds of plasticity generally exhibited by the two classes of traits. In the case of morphological divergence along the benthic-limnetic axis, the transition from reliance on planktonic foods while in the ocean, to foraging on benthic invertebrates during migration to freshwater-breeding grounds, could have maintained an ancestral binary flexible stem, facilitating parallel divergence in freshwater (Wund et al., 2008 , as well as the reversible developmental trajectories reported here. It is also possible, however, that there may be very few ways to modify the ancestral trophic apparatus to function effectively in the two foraging contexts. In this case morphological and plastic (binary flexible stem) starting points, combined with functional constraints, could have imposed the high levels of parallelism in morphology along the benthic-limnetic axis.
In contrast, the cause of parallelism in behavior may lie in the presence of a constitutive neural network that possesses an ancestral response axis to conditions in benthic and limnetic environments, or low-and high-predation environments, that can be readily modified in degree of responsiveness, though not so easily in the pattern of response. The behavioral (activational) motor patterns, and their responses to external triggers that have contributed to ecotypic divergence, appear to be ancestral and largely modified not by altering the pattern of the behavior, but rather by alteration of the sensitivity of the plastic (activational) response to stimuli. In the case of the benthic-limnetic contrast, variability of conditions on breeding grounds experienced by oceanic stickleback may have established an essentially binary flexible stem that predisposed behavioral phenotypes to evolve along a continuum of low to high responsiveness to cannibalistic foraging groups. Variation in predation pressure could have established a similar response framework.
The absence of parallelism of life history traits along the benthiclimnetic ecotypic continuum, or in relation to productivity, could reflect the absence of selection in the oceanic environment necessary to set up a binary flexible stem for life history along these environmental axes. An alternative possibility is that life history traits experience neither the functional constraints involved in the evolution of complex morphological phenotypes, nor are they constrained by the responses of ancestral, constitutive neural networks. Instead, life history phenotypes may be relatively free to respond to novel conditions with alternative combinations of genetic and plastic solutions to similar environmental challenges. Perhaps, life history phenotypes are best viewed as a matrix of traits, linked by resource constraints that can have far more variable combinations of genetic and plastic underpinnings than do morphology or behavior, making possible multiple alternative solutions to the same environmental challenge (Thorpe et al., 1998; Einum and Fleming, 2002) . Life history traits, and the differing combinations of these traits observed among populations in this radiation may be adaptive, although population differences in fitness may exist. Given the tight association between life history and fitness, a reasonable explanation for the low parallelism in life history traits along environmental axes involves both variation in the composition of founder populations with respect both to genetic and plastic characteristics, and lesser phylogenetic constraint than may underlie patterns of variation in either morphology or behavior.
This insight is particularly interesting as behavioral phenotypes are largely viewed as first responders to novel environments, permitting populations to persist because they are more plastic than other aspects of phenotype ('Baldwin Effect' sensu Simpson, 1953) until natural selection can effect improved adaptation to the new environment. However, our research in Lynne Lake, Alaska makes clear that when environmental change has a major impact on plastic life history attributes such as maturation onset, size and longevity, shifts in life history can have marked effects on other aspects of phenotype, even including the re-emergence of ancestral behaviors including benthic foraging, cannibalism and diversionary display behavior (Chock, 2008) . The shift in foraging is expected to have imposed a plastic change in morphology (Wund et al., 2008 , a hypothesis we can test with collections during the transition, and ultimately is expected to lead to evolutionary modification of several aspects of phenotype-also testable given our long-term research on this population. The important message here is, however, that life history may often provide the first response to environmental shifts, particularly if mediated through effects on maturation onset, size and longevity.
One thing that is clear from this comparative approach is that the boundaries between the trait categories are blurred. This is particularly strongly emphasized by consideration of morphological plasticity in soft organs, in stickleback particularly including the brain and kidneys, both of which are at the interface between morphology and behavior, and are influenced by environment, and in the case of the brain, contexts for learning. Activational and developmental shifts in physiology also link morphology, life history and behavior, as do underlying patterns of gene expression (for example, Aubin-Horth and Renn, 2009; Renn and Schumer, 2013) ; (Piersma et al., 1996; Piersma and Drent, 2003; Piersma and Van Gils, 2011) . Our increasing ability to examine the physiological, genetic and epigenetic changes underlying plasticity should make it possible to make rapid strides toward understanding the important, and often controversial role of plasticity in evolution (for example West-Eberhard, 2003; Laland et al., 2014; Wray et al., 2014) .
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